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DESIGN CHASTS FOR CROSS-FLOW TUBULAR IHTERCOOLKRG 



CUARGE-ACROSS-TUBE TYPE 
By J. George Renter and Michael F. Valerino 



SUMMARY 

On the as in of current heat-transfer theory, equations are 
presented relating the various dimensions, the air mass flow, and 
the performance of a cross-flow tubular intercocler in which the 
charge flows across and the cooling air through the tubes. Based 
on these equations, design charts are presented from which the 
inttrcooler design characteristics and the intercooler performance 
can he quickly determined. 

A unit was tested consisting of six staggered banks, each con- 
sisting of 28 phosphor- "bronze tubes having a length of 8 inches, 
an outer disaster of 0.313 inch, and a wall thickness of 0.006 
inch. The spacing between the tubes was 0.012 inch* The perform- 
ance obtained with this test unit closely checked the calculated 
performance and indicated that inter coolers of the annular type 
hav'ng a relatively small number of tube banks may be both practi- 
cable and efficient without the addition of excessive weight or 
volume tc aircraft- engine supercharger installations. 

The perf: nuance of a cross-flow tubular intercooler is showr 
to be practically independent of the fuel-air ratio of the engine 
change at a charge outlet temperature of 140° F. 



OTTBOPUCTION 

Among the various devices for increasing the power of the 
aire ran, engine, the intercooler holds a prominent place. Its 
usefulness is twofoldj (1) Cooling the engine charge increases 
its density and hence the charge energy) and (2; , decreasing the 
charge temperature permits higher manifold pressures without the 
occurrence of knock. The intercooler demands, however, a certain 
amount of power expenditure owing to its resistance to the flow 
of cooling and charge air and to the power required to transport 
it. In order to have a large net power gain Sue to the inter- 
cooler, the design must be such that the weight and the resistance 
to air flow are small and the temperature drop of the charge air 
(or gasoline-air mixture) is large. This design problem involves 
a number of variables such as the tube length-diameter ratio, the 
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tube spacing, the number and the arrangement of the tubes, the 
pressure drops through the is&er cooler } the air mass flow, and 
the intercooler weight. 

No attempt seems to Lave been made to correlate all these 
variables with interofcoler performance in euch a manner as to be 
of direct assistance to the designer, A considerable amount of 
information ia available concerning the phenomena attending the 
flow of air through and across metal tubes. This Information 
may be used to predict the performance of conventional tubular 
intercoolers in terns of the various design factors. It is the 
purpose of this paper to present a method based on current heat- 
transfer theory by which such prediction can readily be made. 
This method is supported by test results obtained from a labora- 
tory intercooler test unit having a comparatively small nu&ber 
of tube banks and closely spaced tubes. 

The tests ard the analysis were made from October 1939 to 
June 1940 at the Langley Memorial Aeronautical Laboratory* 



APPARATUS AT© METHODS 

Figure 1 is a photograph of the test assembly used in the 
investigation. The test equipment consists essentially of a cen- 
trifugal blower driven by a 30-horsepower direct- current motor, 
an intercooler test unit, an electric air heater, a carburetor, 
and various measuring instruments. The blower is capable of mov- 
ing 5500 cubic feet of air por minute against a pressure of 40 
inches of water. As the diagrammatic sketch in figure 2 shows, 
the cooling air and tho heated charge air (or gasoline-air mixture) 
were drawn through and across the. intercooler tubes, respectively, 
by this blower, the relative, quantities being controlled by valves 
as shown in the figure. In a large portion of the tests, air alone 
wa3 drawn across the intercooler tubes* A few runs were na&o in 
which predetermined quantities of gasoline were introduced into 
this air stroasi to produce various fuel-air ratios,. The air or 
tho gasoline-air mixture that was cooled will be referred to as 
the 11 charge, 11 The gasol ine was . introduced into the heated air 
stream by means of a "carburetor, and a Rotameter was used to mea- 
sure its rate of flow. (See fig. 2. ) 



Tho charge air was heated with an electric air heater con- 
sisting of five units of 2500 watts each, wired so that any number 
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of them could be employed. The entrance-air and the exit-air 
temperatures were meas^ired. by thermocouples placed at various 
pcsitiona in the cross section of the air or the mixture streams 
so that good averages could be obtained. (See fig. 3.) The 
thermocouple connections were so arranged that Important tempera- 
ture differences could bo obtained almost instantaneously. The 
tube-wall temperatures were measured by 34 thermocouples so placed 
along various tubes that a good average could be obtained. (See 
fig. 4.) Air mass-flow measurements were made by means of orifice 
plates in the air streams in accordance with the procedure out- 
lined by the American Soviet,/ of Mechanical Engineers (reference 1) . 
Pressure data were obtained wiLh water manometers connected to 
various points in the system, as shorn in figure 3. The pressure 
drop cf cooling air in the intercooler tubes was deteraiiied by 
means of a 0.030- inch copper tube, which was prepared for static- 
pressure measurement and was extended through one intercooler 
tube, the static pressure being taken at l/2 inch from either 
end of the tube. The tube was plugged at A and had static- 
pressure holes at E and C. (See fig. 3.) 

The intercooler test block consisted of 168 phosphor-bronze 
tubes, which had a length of 8 inches exposed to the charge stream, 
an outer diameter of 0.313 inch, and a wall thickness of 0.006 
inch. (See figs. 3 and 4.) The tubes were arranged in six 28- 
tube banks, across which the charge flowed. The tubes were sup- 
ported at the ends by stainless- steel plates of 0.12. r ^-inch thick- 
ness, the minimum distance between adjacent tubes being 0.012 
inch. The banks were staggered so that the tube centers lay on 
the apexes of equilateral triangles. 

Tests were made on the intercooler unit for the purpose of 
checking experimentally the cooling effectiveness and the pres- 
sure drops calculated from the heat-transfer theory. The effect 
of fuel-air ratio of the charge was also determined. The test 
conditions covered are given nn the following table: 
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Fuel«air 
ratio 


Sate cf 
oooling-air 
flow, % 

(11/ see) 


Iteto of charge flow, 
**2 

(rb/soc) 


Charge 
temperature 
differential 
above T Q at 
entrance to 
intercooler, 

(°F) 


0 


0.50 


0,08, 0.12, 0.17 


300 


0 


.SO 


.08, .12, .17 


300 


0 


.70 


»L/Oj • 12 j • IT 


300 


c 


.50 


.12 


156 


0 


.60 


.12 


150 to 316 


0 


.70 


.12 


156 to 33 2 


. 050 


.GO 


• - > 


2-1 


.057 


.60 


.16 


253 


.067 


.SO 


,16 


254 


.080 


.50 


.16 


246 


.100 


.60 


• 16 


257 


.125 


.60 


.16 


227 



SYMBOLS 

velocity at entrance of tube, feet per aecond 

velocity before entrance of tube, feet per second 

velocity at exit of tube, feet per second 

velocity after exit of tube, feet per second 

heat-transfer rate, Etu per second 

heat-trancfer coefficient of cooling air. Btu per 

o 

second per square foot per F 

heat -transfer coefficient of chare©, Btu per second po 
square foot per % 

rate of cooling-air flow, pounds per second 

rate of charge flow, pounds per second 

distance along a tube, feet 

tube length, feet 

inside tube dianotcr, feet 

outside tube diameter, foot 

average tube diameter, feet fi (d^_ + dg) J 

l d J 

tube- wall thickness, feet 

minimum distance between walls of adjacent tubes, feet 
(sec fig, 4(a) ) 

number of tube barites 

number of tubes in each bank 

nvancer of tubes (am) 

Weight of intorcooler tubes, pounds 

cros3-sectional area of an intercoolor tube, square 
feet (:td 2 /4) 
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Ag total area of tube clearance, square feet (nsZ) 

kf frontal area of tube block, square feeb 

f ratio of total cross-sectional area of intercooler 
tubes to frontal area of intercooler block 
0%/A|0 

c cont ^-actional- loss coefficient 

g acceleration of gravity, feet per second per second 

Cp specific heat of air at constant pressure, (0,24 Btu 
per pound per °T) 

k thermal conductivity of air, Btu per second per square 
foot per °F per foot 

[i absolute viscosity of air, pounds per second-foot 

Apj_ total pressure drop of cooling air through the inter- 
cooler, inches of water 

Ap2 total pressure drop of charge across the tube banks 
of the intercooler, inches of water 

Ap en pressure drop of cooling air at tube entrance , inches 
of water 

APf r pressure drop of cooling air due to friction in tubes, 
inches of water 

Ap- r pressure cl op of cooling air due to heating in tubes, 
inches of water 

Ap ex pressure drop of cooling air at tube exit, inches of 
wabor 

Pj p-:we- required to force cooling air through inter- 
cooler tubes, horsepower 

?2 p:wer required to force charge across intercooler-tubo 
banks, horsepower 

T Q co ling-air temperature at tube entrance, °F 
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T\ oooling-air temperature differential above T 0 at 
tube exit, °F 

I mean tube- vail temperature differential above T 0 , °E 

T 2 charge temperature differential above T Q at entrance 
to inter cooler, °F 

T 2 charge temperature differential above T Q at exit 
ex of interceoler, °F 

rp m 

0JC 

T) cooling effectiveness, ~ ~ 

~2 

p standard atmospheric density at 559° F and 29-92 inches 
° of mercury (0.0765 pound per cubic foot) 

p c-oling-air density at entrance of tubes, pound per 
• en cubic foot 

p c-oling-alr density at exit cf tubes, pounds per cubic 
ex foot 

On arithmetic mean of p-, and p-, , pounds per cubic 
Kj -av on "-ex 

foot 

p mean charge density in inter cooler, pounds per cubic 
av foot 

q denoitv of entrance cooling air relative to standard 

atmochpere ( p]_ /p 0 ) 
en 

q mean density of charge in interccoler relative to 

standard atmosphere (P2,^/Po) 

a * 

Unless otherwise defined, the subscripts 1 and 2 refer 
to cooling ai- 1 - and charge, respectively. 
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ANALYSIS 



Cooling Effectiveness 

At some distance x along the length of an inter cooler tube 
the ©Sipu&t of heat per second fill exchanged between the c'.iarge 
and the coding air throuch an elemental length of tube dx is i 

m = hg *d 2 dx (t 2 * ay - h L «q, dx (t w • t t ) = 

a, T 

- h Pi 7 1 C P *E, (D 

where T 9 is the mean temperature above T of charge across 

*av * c 

the tube and T x io the tenperature above T 0 of the cooling 

air at distance x along the tube. 

Also , the total heat given up by the charge to the first 
bank of tubes is 



I = n s 2 po V 2 c p (T 2 - To') * n Aj Pj V ] _ c p % (2) 

vhere T 2 f is the tenperature of the charge after the first bank 
and Tjl ts the temperature of cooling air at x = I. 

When T w is elirain^ted in equation (1) 



dT x -« h x d x h 2 d 2 dx 



T x - T 2 av -l C P pi vx d x + Eg dTJ 



(3) 



Let 



« h l d i h 2 a 2 

A l c p Pi V l ( fc l d l + h 2 d 2^ 



Then, vhon equation (3 N la integrated^ 

-ex 



X 



(1 



) 



(4) 



(5) 



Because T 2 ^ = — L., equation (5) becomes 
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(5) 



When equation (6) is substituted in equation (2) and when the 
total length of the tube is considered 

3 1 P 2 V 2 % ( 'h ' V> = 



= \ h pi v i C P ( T 2 ♦ V) C 1 - e " ) 



(7) 



The solution of equation (7) for T ? ' is 



Tl T 1 
2 = x 2 



[1-1 (1 - 



i 1 + 2 (1 - e ) | 



(8) 



where 



A l Pi Tl ^1 
B 2 p 2 V 2 " iM 2 m 

Likewise, after the second bank, 

(i. 



m it rp t 

a 2 "2 



1+1(1- e- cZ ) 



or, from equation (8), 



• 2 - J -2 



1 -f (1 - e- c2 )" 2 
L l + |(l.a- cZ )_ 



and bc on, until after the n on hank, where 



T 2 = T 2 



1 - | (1 - e Bl ) | 



l*|(l-.-*J 



Therefore, the cooling effectiveness is 
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!2S « i 



cZ;"f 



1 - | (1 - e"^) 



m 



1 + | (I 



e ) 



or 



n - i - 



(9) 



I + 



:4 1 



2m ML 



(1 - 



From equation (9), it in seen that the cooling effectiveness 
is determined by the macs flow of the cooling air and the charge, 
the number of tube hanks, the tube length, and the quantity c, 
vhich, from equation (4), ma,> ho 3>:press3d: 



c = 



. , , . 0 + ho & f 



because 



A i h. v i = "ST 



For thin-wall tubing, such as that used in intercoolers, 
the average tube diameter may be substituted for the inside and 
the outside tube diameters, that is, dj = d 2 = d. !&i exponent 
cl in oq.viati.on (S) way bhen be expressed as follovs: 



it d fe x hg B I 
(h 1+ h 2 ) c p MjL 



jt d b_ K 2 
' : 2 



(10) 



The heat-transfer coefficients hi and h 2 may be evaluated 
in terms of the intercooler dimensions, the air mass flow, and 
certain physical properties of the charge and the celling air by 
referring to the research summarized in reference 2 (p. 159) in 
which 



= 0.022; 



/ P]. ^i d \, / -p ^i \ 



(id 



11 



Because CpH]_Ai for a3r ^ s P ract i- ca Hy constant at 0.73, 
equation (11) may be written 

,0.8 
k l (Pi V l) 

h, = 0.01984 —7, < 12) 

1 0.0 .0.2 

H 1 d 

The factor kyVi 0,8 shows little variation over the range 
of coding temperatures that is usually encountered in intercoolers 
and a constant value of k 1 /n 1 °« 8 m 0.0323 at 59° F will he used. 

Because pj_ Vy = — equation (12) "becomes 

itd% 

M °* 8 

hi = 0.777 X 10' 3 \ . ■ (13) 

1 h0.8 a 1 - 8 

If for the present the effect of the presence of fuel vapor is 
neglected, the heat- transfer coefficient between the charge and the 
tubes may be obtained from the following expression given in refer- 
ence 2 (p. 227): 

hod /p 2 V 2 d N P* 69 . . 

5p - °- 131 (14) 

2 f \ t2 f / 

The subscript f indicates that the physical properties of 
the charge air are based on a film temperature, which is an average 
of the mean charge air and the tube-wall temperatures. 

k 2. 

When the factor 1 is taken at a film temperature of 

f Mgm 
100° F at 0.00951 and "because p? Vo = — - equation (14) becomes 



Ns2 

0.1246 x 10" 2 /M P md> 0 - 59 



h 0 = 



~) (15) 



2 a \nsz / 

An investigation of the effect of the air temperature on the 
cooling effectiveness shoved that, when the thermal conductivity 
k and the absolute viscosity \i in equation (11) are evaluated 
at 100° F instead of 59° F and in equation (14) at 200° F instead 
Of 100° F, the difference "between the effectivenesses is less than 
1 percent, which is well within experimental accuracy. 
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When the values of h^ and hg, as given "by equations (13) 
and (15), respect ively, are substituted in equation (10), there 
results 

i.ciV x 10-2 fMf - 2 (I) ■ 

cl = ^ » ■ (16) 

/%f-® 9 /I^N 0 ' 11 . aX °- ;3S ft^' 69 
1 + 0.624 (Jk) Li) (■£>) f I ) 

\Nd/ Vmdy \d^ 

The application of the "binomial theorem to equation (9) shows 
that the variation in m as it appears explicitly in equation (9) 
has a negligible effect on the ooollng effectiveness. The influ- 
ence of m on the cooling effectiveness is thror,*7h its effect on 
the exponent cl . The factors upon which the coding effective- 
ness depends, therefore, are shown in equations (9) and (16) to he 
m/M x , 1/4, and ma/s. 

In order to make graphical representations less complicated, 
the variable Nd/Mjj which has a relatively small effect on the 
cooling effectiveness, may he accounted for by letting 



where the subscript eq means equivalent. 

It is evident from the preceding equations that, when 

Nd/M, « 10, fl*) *fl) and fit) * f 2£V For values of Nd/M, 

71 V a iq S4 <> V 9 y'eq \ s ' 

other than 10, plo^s of the preceding equations give the corrections 
to ho applied to l/d and md/s to obtain flj and (2l^ • 

Vdy eq V s / e q 

Equation (16) can now ho written as: 
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Thus equation (9) maj "be written 

Charts based on equations (9) and (17) vill be presented to 
shew graphically the effect of the variables involved on cooling 
effectiveness, The experimental verification of equation (9) 
will be discussed later in this report. 



Pressure Drop of Cooling Air 

Entra nce losses. - One cause of the pressure drop at -the-'ti.ibe 
entrance is the conversion of the static head into dynciaic head 
because of the reduction of the flow area. From Bernoulli's. . 
equation, this drop in pressure js 

Ap en " 5.2 x 2g lV a v o ; 



Because 



Mi Mi **% 



p 0 ©n io.4 u 0 8 \nd%/' 

There is also a drop in the pressure noar the ©r.irrance-attri.-- 
buted to the increase in maximum velocity that results from the 
changs in velocity distribution along the tube diameter. . This 
drop in pressure, according to reference 3 (p. 51), is 
0.09 pj 

Ap en" = io t4 g n v afi vhich *»zTfr±btm as: 



p o -en ^ i 0 .4 p o g ^ d 2 i L / 
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T^e contraction of the air otream immediately after it enters 
the tube causes a loss, which further reduces the pressure "by 

€ P X 

Pen 10.4 S a 

where I is a function of the area ratio f . Values of i were 
taken from inference 2 (pp. 121-122). This equation may be written 

by eliminating ? ft 

1 en . ... € f .1 ) (20) 



P 



■o 



&*en = io.4 p 0 g 



T-ri ct tonal loss in the tubes . - The pressure drop due to fluid 

friction Ap fr is given by the Fanning equation as 

6.49 M x 2 I F 
Ap fr = — 

10.4 6 Pl. . N d 

where (frm re.ferer.ee 2, p. Ill) the friction factor is 

F bs 0.049 (R)" 0 * 2 (5000 < 8 < 200,000) 
Because the Reynolds number 

Pl v i d 4M, 

av 1 



J av av 



and u-, = 120 X 10" 7 at 59° F, 
av 



pi av Q.0194P - / m i\ 2 m fjalf '** <a ?' 2 ( 2 d 

Pi (2 + p) p^ 

ru p - v „ 22 is substituted in equation (21) 

»„ ' (2 +80) p 0 
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where 



T Q + 460 



P c 10.4p o g \2 + ft/ ■Trd 2 N/ V.d/VM-L / Vd/ 

If, in the calculation of the frictional loss in equation 
(22), the absolute viscosity were evaluated at 10C° F instead of 
at 59° f 9 the frictional-loss increawse would "be only 1.2 percent, 
which Is well within experimental accuracy. 

A slight reduction in pressure in the tubes occurs "because 
of the velocity increase resulting from the progressive increase 
in cooling-air temperature when the cooling air traverses the 
length of the tube. This pressure decrease (by equating force 

to the '-ate of moment um change) is 



• S g r> „ d g \ V 



a 



Pi 

Because \\ = — 22 V 

Pi a 

ex 



v = 



go + T i + 450 y 



_ . i v 

V - T + 460 / - 

o 



or 



Then 



V c - [1 + m "\«n ) V n = (1 + 0) V 



Pl en . 6 V ' 



p A % ■ g to r, \—rJ Cbs) 

p o D#<s p o^ \*a«w/ 



Exit losses . - The pressure drop at the tube exit may be de- 
rived By equating force to the rate of change in momentum 
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P.1 V d 

^; • 2 g 



if 



Mi 



Pi 



-ex - l 



— , and pi 



311 



ex 1 + p 



are substituted in the foregoing equation 



^ Ap m (J£\ ( f 2 „ f ) (24) 



vhioh Is evidently a negative pressure drop, that is, a pressure 
so . 

Pressure Drop of Charge 

The freesure drop of charge across tube "banks in staggered 
rows, according to reference 2 (p. 120), is 

✓ \ 

4# 9 (V« ) 2 Elf 1 1 1 

4P =- ETc53 

where Vo is the velocity- of charge through the rainlmiim space 
"between the tubes and 

c~ ir -0.22 

f ,.i « 0.3 rv 

Because v. 



a .-i u 9 - 12 7 X lO* 1 at 100° F 



it follows that 
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P 



If, in tie calculation of the fractional los3 in equation 
(25), the absolute viaeoe&ty were evaluated at 200° F instead 
of at 100° F, the i>iotional-los3 increase would be only 2.8 per- 
cent, which is well within e:q>erinierital accuracy. 



Intercooler Design Charts 

An examination shows that the equations for effectiveness 
and pressure drops may be expressed as 



fl Mi nd Nd 2 1 \ f , wU - \ 

T) = $ , — , — , , ~ t n ] (see equations (9) and (16 j ) (2o) 



o 

* Vi 2 

/ M» J 1 \ 



\ = <5 f ( — | f, P- e ! (see equations (13) through 
\Nd 2 a d / (24)) 



(24)) (27) 



/ Me md 1 \ . 
C 2 Ap 2 ^ _J£ — m - 1 (see equation (25)) (28) 

\Nd2 s &/' 

The weight of intercooler tuhe3 W t is jt A I W t p t where p t 
is the tube- vail density, pounds per cubic foot. Then 

"T.r 

= a = Nd2 = weight factor 



it t p 

p ad 

and Nd* = ~ 

By definition, 

total tube cress- sectional area 



; ontal area of intercooler block: 



or 
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f m 



N 



4 (d 2 + b) ~j 0*866 (d 2 + s) (to - 1) + d 2 



L 



I - 



I + 



1*4 



n m 



I I tt 
T + T I 
0.866 | 1 * I »■ ] (to-1) + 



1 + 



1 - 1 



1 



(20) 



A plot of equation (29), which will be disclosed later, Dhows 
that any variation in t/d ov^r the range used in intercooler 
practice has little effect on f, the area ratio. Accordingly, 
b/d was taken at 0.02 in equation (29), so that 



f = * ft , vS (30) 

It was previously stated that £ ia a function of f and that 
the expansion of equation (3) into a series by means of the binomial 
theorem shows that the effect of m in equation (9) is negligible. 
In expressions (26), (27), and (23) that l/d terras have small 
exponents, so that these terms, for any variation in tube diameter 
within the range used in aircraft intercoolers, have little effect 
on the effectiveness and the press -ire drops. The principal effect 
of the variation of tube diameter is obtained through its influence 
on the l/d and the md/s tonus. For this reason the tube diameter 
for the l/d term vas taken at an average value of 0.30 inch. The 
factor (3 is involved in the pressure loss in the intercooler tubes 
due to the heating of the cooling air, which ia a small portion of 
the total loss. This factor vas evaluated as 0.06 in this analysis 
and should represent an average condition. 

When expressions (86), (27), and (23) are rewritten on the 
basis of the preceding discussion, 



A Mi md Mo\ 
n = 4,1 f I Jz _ Ji 31 
* \ V Ho' s' tt 



19 



/Mo rod \ 



The terms in expressions (31), (32), and (33) are the basic 
variables considered In the construction of the design charts. 
Inspection of expression (33) shovs that,' for an assumed value 
Of C>2 Ap 2 and m, the value of md/s and hence f (expres- 
sion (SO)) is determined by M ? /a. From expression (32) It ma; r 
be seen that for a given value of Mg/a, f , and G 1 Ap^ the 
value of l/d determines Mi/Mg. Thus all the terms upon which 
tj depends (expression (31)) have been evaluated. 

The powr required to foroo cooling air through the inter cooler 

la 



5.2 K x Lvi 



1 ' 550 p 1 

2.V 



or 



But 



:hen 



P 



p o 



en 



1 \Z + 2p J 



°l p l ." 2 + 3&\ % 5.2 O-l Ap x 



(34) 



oi" ; vhen the povcr is expressed as a percentage of the engine brake 
horsepower for a fuel-air ratio of 0.08 and a specific fuel consump- 
tion of C. r; pound per brnko horscpcvcr per hour. 

q; g ?i X ICQ 100 |6^ g PA 5 j 
brake horsepover 57G \ Mg / 
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Lilrewjse, the power required to force the charge across the 
sta^gered-tube banks of the intercoclor may be expressed as: 

°Z ? 2 - 2 °2 
If ' R 0 p 0 

and for a fuel-air ia'..io of 0.03 and a specific fael consumption 
of 0.50 pound per brake horsepover hoar as: 

a p 2 p (100) 10a ^ / P \ 

g 2 = /J 2^ ( 36) 

brake horsepower 576 \ Mg / 

The dimensions of this type of intercooler ma;/ be express od 
as follows: 



The dimension of the block in the direction of charge flow 



is 



l 0 = 0.036 (d 2 * d) (ra - 1) -;- d 2 (37) 
The width of the block is 

W . 2 (d p + 3) (33) 

The volume of the block therefore is 

v m I 2 e W (39) 

because 2 is the dimension in the direction of cooling-air flow. 

RESULT,? AMD DISCUSSION 
Test Results 

Figure 5(a) shows the effect of mass flow of cooling air and 
charge on the cooling effectiveness of ;> e intercooler test unit 
ghown in figures 3 and 4. The curves were computed from equation 
(9); bhe designated points .represent the experimental values. 
Tests were made for various values of chaigc inlet temperature, 
but no differences In cooling effectiveness were obtained beyond 
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the llinitfc of experimental error. The results of the variation 
of cooling effectiveness with charge Inlet temperature are shown 
in figure 5(b), Figure ^(o) shows the res-alts obtained by flowing 
gasoline-air mixtures across the intercooler unit instead of air 
alone. The small effect of fuel-air ratio on cooling effectiveness 
may he no bed. The temperature of the charge leaving the intercooler 
was approximately 140° F in the tests in which the fuel-air ratio 
vas varied. 

The pressure drop sustained by a given mass flow of gasoline- 
air mixture across the intercooler unit was fclightly less than the 
pressure drop for an equal mass flow of air. This phenomenon is 
an indication that fuel did not collect on the intercooler tubes 
because an increased pressure drop would be expected if the tube 
spaces were dogged with condensed gasoline. The absence of an 
increased pressure drop cannot, however, be taken as a definite 
indication of the lack of condensation because of the possibility 
that the high Charge velocit; nay prevent any accumulation of gaso- 
line on the tube walls. Inspection of the tube block after runs 
showed no evidence of liquid gasoline about the intercooler, and 
it is believed that no condensation occurred, At low charge tem- 
peratures appreciable condensation mighb occur. 

Figure 6 shows the pressure drop of charge air across the 
intercooler teat unit as a function of the rate of charge flow. 
The computed cu3"Ve i3 based on equation (25) and the experimental 
curve is drawn ' augh the test points. 

Figure 7 shows the several pressuro changes in the cooling 
air when it passes through the intercooler uftlt as a whole. The 
solid lines Join the values computed by means of equations (18), 
(19), (20), (22) | (23), ana (24): the indicated points denote 
test values. A3 a whole, good agreement botw^en the computed 
and the experimental data is shown. 

Figure C, which is based on equations (9) and (17), shows 
that i] increases with M^/Mg, (j/d) : ^ and (md/s)^ at a 

rate that diminishes as these variables increase. The effect 
of j/d and md/s on tj is nearly the same as that of (V^) G q 
and (md/s) e( j. The corrections to be applied to l/d and md/s 
to obtain (l/&) 0 ^ and (md/s) c ^ arc plotted in figure 9 as 
functions of Md/M* . Equations presented earlier in this report 
indicate that an increase in either l/d or md/s is accompanied 
by an increase in pressure drop, cither through or across the 



intercooler. Therefore, an attempt to attain higher cooling ef- 
fectivenesses "by increasing l/d or md/s in curbed by reason- 
able limits o£ pressure &rop« 

The equation^ relating the pressure drop of cooling air and 
chare© t$ various design factors are plotted in figures 10 and 
11, respectively, figure 12 shows the variation of the area ratio 
f with s/d, t/d, and m (from equation (3?) ) . The contract ional- 
loss coefficient & used in calculating a part of the cooling-air 
entrance losses is r;plotted in figure 13 (from reference % 9 pp. 
121-122) , 



IniorCcoler Design 

Figures 8 to 12 are cumbersome fo~- the intfcy cooler desi:;;ncr 
to use. jtae purpose of fchis report is, there fore , to present the 
design information in such form (figs, 14, 1% and 16) as to reduce 
the complexities of design to a minimum. In order to make these 
eim.pl if icatiens, it has boon necessary to make certain approxima- 
tions that, t • a designer, sho Id ho inappreciable, since the ap- 
pvx Nations will neb introduce ftVQVQ outside tho region of 
experimental accuracy. These approximations have huen discussed 
in the section of the gmalJSSia devoted to the development of the 
oq.uat.ions upon which figures 14, 15, and 16 are based, Figure 14 
is based on the arrangement of five banks of tubes. The excessive 
block width necessitated b# such a small number of banks is suit- 
able only for the annular bypq of intercooler installation, which 
will he discussed later. Figure 15, based on 30 tube banks, may 
bo used for more compact tjpes of interccoler block. Cooling 
effectiveness for a number of hanks between 5 and 30 may be ob- 
tained linear interpolation between figures 14 and 15 without 
appreciable error. Figures 14 and 15 show tho cooling effective- 
ness plotted against the factor NdZ/M 2 , which is an index of 
the heat-transfer surface and also of the tube weight for any 
particular engine power, Each plot is made for constant values 
of @k and m, but tho values of l/d and Mj/Mg vary. 

All the plots are made for a constant value of 0 2 Apg (10 in. 
of water), but the cooling effectiveness for other values of 
°2 ^ p 2 rnaj tc f0lu ' d b:/ ZVP^*®® corrections that are given in 
figure 16(a), in which the coolifig- effect Vrmms correction is 
plot bed against CJg Ap g for different values of Z/d and 
Ch ftp]. The method of .making suob oorr#tton® will be illustrated 
later in this report. In figures 14 and 15 tho increase in cooling 
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effectiveness with cooling surface is to be expected. Further- 
more, with constant tube surface the cooling decreases as l/d 
becomes larger when the pressure drops through and across the 
Intercooler are constant. If %/Mgj as well as the pressure 

diops, is constant, however, the cooling effectiveness increases 
with z/d but only at the cost of increased cooling area and 
thus at the cost of increased tube weight. 

The tables at the top of figures 14 and 15 show the power 
expenditures involved in the operation of an intercooler. The 
maximum drag involved in forcing cooling air through the tubes 
is Shown to be a little over 1 percent of the engine brake horse- 
power. These tables and figure 16(b) also indicate that the power 
required of the supercharger to force the charge aci-oss the tubes 
is less than 0.5 percent of the engine brake horsepower. From 
this fact it appears that the power expenditure of a properly de- 
signed intercooler, aside from that required for transportation, 
may be secondary in importance to weight and size in many cases. 

The abscissa scale on the design charts (figs. 14 and 15) 
has been converted for a special case into another scale, namely, 
the intercooler-tube weight, pounds per engine brake horsepower. 
This conversion was made for an engine fuel-air ratio of 0,080, 
a specific fuel consumption of 0,5 pound per brake horsepower- 
hour, and for steel tubes with a wall thickness of 0.003 inch 
and a density of 0.284 pound per cubic inch by multiplying 
Bftl/Mg by 



1728 1 

»"« ( °- 006) <°- f) <°- 284) ] L (3S00) (12) J 
1 728 

the expression i — I being a unit conversion factor. 

1(3600) (12) J 

All values occurring in the tables at the top of figures 14 and 
15 where brake horsepower is involved are likewise based en a 
fuel-air ratio of 0.030 and a specific fuel consumption of 0.5 
pound per brake horsepowor-hour . 

The power for forcing the charge through the intercooler 
Is probably of greater Importance than that required to force 
the cooling air because of the reduction in maximum engine power 
with decreased Intercooler discharge pressure. This reduction 
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in maximum engine power may tie estimated for a given temperature 
drop of the charge by assuming the engine power to vary directly 
with the manifold pressure. The relative importance of those 
power losses and of those due to intercooler weight and size de- 
pends on the design and the speed of the airplane. It was there- 
fore considered advisable to make this information readily avail- 
able to the designer (figs. 14, IS, and 16) rather than to pre- 
sent optimum designs or a method of obtaining optimum designs 
based on some artificial figure of merit. An additional factor 
of importance is the external drag of the cooling-air inlet. This 
drag can vary from almost zero to several times the cooling-air 
drag, depending on the inlet locations. 



Illustrations of the Use of 
the Intercooler Design Charts 

A procedure that may be followed in using the intercooler 
design charts is shown by means of several examples. Let it be 
supposed that an intercooler is to be designed for the following 
set of conditions. 



Case I (sea level) 

Engine character: sties: 

(1) Brake horsepower 100C 

(2) Specific fuel consumption, pounds per 

brake horsepower per hour 0.50 

(3) Fuel-air ratio 0.080 

Desired intercooler dimensions: 

(4) Length of tube 2, feet 5/6 

(5) Average diameter of tube d, feet l/48 

(6) Number of tube banks m 5 

(7) Tube-wall thickness t, feet (steel 

density, 490 Ib/cu ft) 0.0005 
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Intercooler limitations: 

(8) Cooling-air pressure drop Ap^, 
inches water 



(9) Charge pressure droj Ap 2 , inches water .... 10.0 

(10) Relative densit;/ of cooling air C\ 1.0 

(11) Relative density of charge Gr> % i.q 

Desired intercaoler performance: 

(12) Cooling effectiveness r), percent . . , t . . , 75 

It is desired to find the following characteristics of the 
intercooler: 

Number of tubes N 

Tube spacing s 

Weight of intercooler tubes W t and dimensions of inter- 
cooler block 

Power required to force cooling air through the intercooler 
P l 

Power required to force charge across the tube banks o^ the 
intercooler P 2 

Weight of cooling air handled by the intercooler M-, 

From items (6) and (8) to (11) it is seen that m = 5, 
OjAp! » 6 inches of water, and C,,Ap 2 * 10 Inches of water! 
Figure 14 (c) applies for this case. 

(13) From items (l), (2), and (3) 

^ ^ 0.0G X 3 00 = l ' 756 P6: SGCOnd 

(14) From items (4) and (5) 

I 5/6 
- = —f— = 40 

a i/43 
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(15) If figure 14(c) and items (12) and (14) are used 



lit* 7 

= 22.5 

Kg 



and 



fro© which the cooling-air weight is 3.0 pounds per second, 

(17) If figure 11(a) and item (15) are used 

nd 



= 176 
s 



(.13) Number of tubes 



N is item (15) X Mg (22,5) (1.753) _ 
7d (5/8) (1/48) 

(19) Tube spacing 

(5) 4 

g = 2g m il_ = 0.000592 foot « 0,0071 inch 

item (17) 176 

(20a) Weight of intercooler tubes is item (7) x item (13) X 
item (15) X jtp t = (0.0005) (1.736) (22.5) (0.284) 
(1723*) * 30.1 pcuMs 

(20b) Dimension of intercooler block in direction of charge 
flow from equation (37) and items (5), (6), (7), 
and (19) is 0,866 (0.0213 + 0.000592) (5 - 1) f 
0.0213 = 0.0972 foot or 1.17 inches 

(20c) Width of intercooler block from equation (38) and 
items (5), (S), (7), (18), and (19) Is 

£p2 (0.0213 * 0.000592) = 9.86 feet 
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(20d) Volume of intercooler block from equation (39) and 
item (4) is therefore 

4 X 0.0972 X 9.8G = 0.300 cubic foot 

o 

or 1382 cubic inches 

(This arrangement is suitable for inturcoolors of the annular 
type. The diameter of the annul us would be approximately 9*86/3.142 
3.1 ft.) 

(21) From tables at top of figure 14(c) and item (13) 

— "j: — a 3.51 horsepower per pound per second, of 
charge flow 

a 2 2p 2 

(22) Also. =1.24 horsepower per pounS per second 

M 2 

cf charge flow 

(23) Cooling power 

item (21) X Mg 
= g ■ 6.10 horsepower 

c 1 

(24) Power to force the charge through the intercooler 
item (22) X M 2 

G, 



Pg m = 2.14 horsepower 



(For convenience fig. 14(c) also gives items (20), (23), and 
(24) as percentages of the brake horsepower based on a specific 
fuel consumption of 0.50 pound per brake hor3opower-hour and a 
fuel-air ratio of 0.080.) 



Case II (13,000 ft) 

The design of an intercooler for an altitude of 13,000 feet 
for the same engine conditions, cooling effectiveness, tube di- 
mensions, and limitations as in case I. 
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From a table of standard altitudes a-]_ = 0.671, so that 
the value of ChAf^ is now C.671 X 6, which equals 4.0 inches 
of water. Figure 14(b) is therefore used. Items (13) and (14) 
of case I also apply here. 

(25) 1-° figure 14(b) and items (12) and (14) are used 

mi 



■ 26.5 



and 



from which the weight flow of the cooling air 
M«l = 7.5 pounds per second 

(27) If figure 11(a) and Item (25) are used 
2S „ 202 

3 

(20) Number of tubes 

item (25) X Mo (25,5) (1.736) 

N = = = 2650 

11 (5) (1/48) 

(29) Tube spacing 

s * p m 0.000514 foot = 0.0062 inch 

Item (27) 

(30) Weight of intercooler tubes is: 

item (7) x item (13) x item (25) X Ttp t ■ 
(0.0005) (1.733) (26.:) (0.2-4) (17t$c) « 
35.5 pounds. 

(31) From tables at top of figure 14(b) and item (2S) 

o 

a "° 
1 "1 

— tt — = 2.18 horsepower per pound per second of 
2 

charge flow 
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(32) Also, 

O 2 P 

— — - m 1.24 horsepower per pound per second of 
Mg 

charge flow 

item (31) X Mg 
(^S) P a s = 3-42 horsepower 

1 °1 



Item (32) x Mg 



(34) F 2 * 




= 2,14 horsepower 



(If the performance of an inter cooler having 30 hanks of 
tubes is desired, fig- 15 is used. For other numbers of banks, 
linear interpolation between figs. 14 and 15 is sufficiently 
accurate. The value of iad/s for a number of banks other than 
five is found by multiplying the value in fig. 11(a) by the ratio 
given in fig. 11(b).) 



Case III (sea level; 

The effect on inte-cocler dimensions and performance of a 
change in ft? ess ore ftrop of the charge (OgAPg) from 10 inches 
of water (for which figs. 14 and 15 have been drawn) to another 
value is illustrated by the following case. 

Suppose that in case I the charge pressure drop Ap 2 
(item (9)) is increased co 15 inches of water and that the other 
intercooler limitations, the desired intercooler dimensions in- 
cluding H| and the engine characteristics remain the same. It 
is desired to find the effect of this increase of Ap 2 on the 
cooling effectiveness and the characteristics of the intercooler. 

(35) OgApg = 15 inches of water 

(3G) Figure 16(a) gives the percentage to be added alge- 
braically to the cooling effectiveness given by figure 14(c) 
for C 2 Ap 2 ■ 10 inches of water. In figure 16(a) for l/d = 40, 

OjApi = 6 inches of water, and a 2 Ap 2 = 15 inches of water, the 
correction is 2 percent. In case I the effectiveness was 75 per- 
cent, so that the new effectiveness is 75 + 2 = 77 percent. 
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(37) From figure 16(b) the power required to force the 
charge through the intercooler increases to 3.21 horsepower. 

(38) Nd2/Mg and the tube weight remain the Game. 

(39) Mj/M« remains the same. 

(40) From figure 11(a) for GgApg =15 inches of water 

and item (38), 2£ = EL5 f 
s 

(41) F--om item (40 ) and the constant values of m and 
d the tube spacing s = 0.00532 inch. 

(42) Because of the closer tube spacing, the entrance-exit 
loss of the cooling air decreases slightly, 30 that VL actual- 
ly increases. The changes in over the range of 0 2 Ap 2 
covered in figure 1G a^e negligible, however, 30 that Sfc and 
thus the power requi.< ed to force bhe cooling air through the 
Intercooler remains substantially constant. 



Case IV (sea level) 

For the purpose of illustrating the use of figures 0, 9, 
and 10 and of checking the results obtained from the inter- 
cooler design charts (figs. 11, 14, and 15), let it be desired 
to check the cooling effectiveness r| and the pressure drops 

and Ap 2 of the intercooler having the same physical 

dimensions and the same rate of cooling air and charge flow 
as in case I. 

From case I the intercooler physical dimensions are; 



Itom (4), 


I 


=5/6 foot 


Item (5), 


d 


= 1/48 foot 


Item ( 6 ) , 


m 


= 5 banks of tubes 


Item (7), 


t 


m 0.0005 foot 


Item (18), 


H 


» 8850 tubes 


Item (19), 


s 


= 0.000592 foot 



Also the charge and cooling-air mass flow are 

Item (13), Mg = 1.736 pounds per second 
Item (16), M-j_ = 8.0 pounds per second 
(43) From items (5), (13), and (18) 



4: ' ; 1 _ 4 x 6.0 

* x I -TR i X 2250 
\48/ 



= 10.4 



(44) If figure 12 and items (5), (6), (7), and (19) arc 

used 

f = 0.76 

(45) If figure 10(a) and items (43), (44), and an average 

3 of 0.05 are used 

°1 ( Ap en + ^er) = l - 00 - 1nch of water 
(45) From items (5), (16), and (10) 

Nd 

% " 

(47) Then from figure (9) and items (4), (3), and (46) 

(]j = 40 X 0.90 * 36 
S /eq 

(48) From figure 10(b) and items (43), (47) and an average 

3 = 0.06 

a Ap = 4,70 incites of water 

1 IT 

(49) From flg.ee 10(e) and item (43) and an average 3 of 

0.06 

°l Ap E = lnch of water 

(50) The total cooling-air pressure drop obtained by adding 

items (45), (48), and (49) is; 



(JjApn = 6,2 inches of water, as compared with 6.0 
inches water used in case I. 

(51) The value of Ap<p will, of course, oheck "because it 

is taken from the same graph (fig, 11) for the same values of 
NdZ/Mg and md/s. 

(52) From items (13) and (16) 

M l 

* • p 

(53) With the use of figure 9 and items (5), (6), (19), 
and (46) 



\ /e<j 



(54) If items (52) and (53 ) are used and interpolation is 

is made between figures 3(a) and 0(b) for (l/d) eq = 36 (item 

(41)), bhen, T| - 75.7 percent as compared with r| = 75 percent 
in case I. 



Annular Inter cooler 



A typical annular intercooler set-up is shown in figure 17. 
The intercooler forms a bcroid around the supercharger directly 
"behind the engine cylinders. The engine charge flows radially 
outward i'rom the supercharger through a suitable number of pas- 
sages to the annular chamber, from where it flows across a small 
number of closely spaced tube banks. The charge then flows from 
the annular chamber into a suitable number of ducts leading to 
the cylinder intakes. In flight, one portion of the cooling air 
entering the cowling is deflected by baffles around the cylinder 
fins for engine cooling and another portion is deflected into 
the openings between the cylinders. This cooling air flows into 
the annular opening and through the tubes where it picks up the 
heat of the charge. Ib is then discharged into the compartment 
behind the engine, from where it flows through the cowling exit, 
together with the engine cooling air. 

A comparison of figures 14(c) and 15(c) shows that, for 
given conditions of pressure drop and mass flow, the cooling 
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effectiveness is increased by reducing the number of tube banks. 
An example of such a comparison is given in the following table, 
to be usc-.d' witii figures 14(c) and 15(c): 



Number of banks 


cr 
») 


oO 


Q l Ap l' 


inches of wa : :er 


I 3 


6 




Inches pi water 


10 


10 


M ] / M 2 




4 


4 


Z/d 




40 


40 






1 


o o rr 

M & • 0 


H, percc 


I 


71 


66 



If d, I, and M 2 remain constant while the number of 
tube banks is being changed from 5 to 30, the number of tubes 
and hence the tube weight must be increased in the rat io of 
22.5/20.3, as the table shows. At the same time, the cooling 
e.rfectiveness is reduced from 71 to 66 percent, as nhown. Thus, 
it is seen that the interccoler of the annular type, which in 
most cases would req ;.ire a comparatively small number of banks, 
is slightly advantageous over .types having a large number of banks 
because of the increased cooling effectiveness as well as the reduced 
tube weight. Also, the annvJLar interccoler receives its cooling air 
from within the cox/ling and requires no external air scoop, which 
would require an additional expenditure of power because of its 
drag. 



CONCLUDING REMARKS 

The test results of the tost unit closely chocked the perform- 
ance of cross-flow tubular intercoolers calculated from the equa- 
tions derived from heat-transfer theory. The relative effects on 
interccoler performance of various Interoooler dimensions are 
easily determined from the design charts presented. The design 
Of an interccoler, which heretofore Involved the use of consider* 
able test data and was a trial -and- error process, i3 greatly 
Simplified by a proper correlation of the variables involved in 
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tfoe present, analysis. The resulting design charts show that the 
power required in forcing the cooling air and the charge through 
a well -designed interocoler is small, so that this power is of 
secondary importance to the weight, the size, and the ruggedness 
of construction of the interocoler. Annual intercoolers with a 
small number . of tube banks are slightly more efficient for a 
given power expenditure than intercoolers with a large number 
of banks. 

The performance of a cross- flow tubular intercooler is 
practically independent of the fuel-air ratio of the engine 
charge at a charge outlet temperature of 140° F« 

Langley Memorial Aeronautical laboratory, 

national Advisory Committee for Aeronautics, 
Langley Field, Va. 
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Figure I 7-Tvpical annular intercooler assembly. 
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Fuel -air ratio 

(a) With mass flow of cooling air and charge. Fuel-air ratio, 0 . 

(b) With charge inlet temperature. Fuel-air ratio, 0 ; ,0.60 lb per sec; 

M 2 , 0.12 lb per sec. 

(c) With fuel-air ratio of the charge. , 0.60 lb per sec; K 2 , 0.12 

lb per sec. 



Figure 5. - Experimental and theoretical variation in cooling effectiveness 
of intercooler test unit. 
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Figure 6.- Experimental and computed variation in pressure 

drop of charge across the tube banks of the 
intercooler test unit with mass flow of charge, Fuel-air 
ratio, 0 
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Figure 7.- Schematic diagram showing agreement between experimental and 

computed pressure drops of the cooling air when it flows 
through the intercooler test unit. 
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(a) Equivalent tube 
length-diaaeter 

ratio, (l/d) eq , 20. 



(b) Equivalent tube 
length-diameter 

ratio, (l/d) cq , 40 



(c) Equivalent tube 
length-diameter 
ratio, (l/d) eq , 60. 



(a) Equivalent tube 
length-diameter 
ratio, (l/d) eq , 80 



Figure 9. - Effect of 

interoooler 
dimensions on cooling 
effectiveness. 



*25 




10 20 30 

Nd{M x , ft I lb I sec 



40 



50 



Figure 9.- Correction factors for (l/d) and (nid/s) . 
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(a) Entranoe and exit loss. 

(b) Friction loss in the tubes. 

(c) Heating loss in tne tube* . 0 = T o +460 . 

Figure 10. - Cooling-air pressure drop. 
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Figure 12.- Effect of intercooler dimensions on area ratio f 
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Figure 13.- Effect of area ratio f on contract! onal-loes 
coefficient € . 
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(a) Cooling-effectiveness correction for variations in 
cooling-air and charge pressure drops and' \/d. 

(b) Relation between the power required by the super- 
charger to force the charge across the lnteroooler 
and the charge pressure drop* 

Figure 16.- Relation between charge pressure drop and 
lnteroooler performance . 
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